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Abstract  . 

7 < 

The  far  infrared  and  laser  Raman  spectra  of  cation-substituted 
materials  based  on  sodium  :^-alumina  containing  Kt,  Rbt,  Cs'i,  Ag'J, 

Tt,^,  Ca"*^,  Sr+^,  Pb^;,2,  Mn"!]",  Fe'''r,  , and  Nit^  have  been  obtained. 

The  materials  were  prepared  by  ion-exchanging  sodium-sValumina 
with  pure  or  mixed  molten  salts  of  these  ions  according  to  the 
Yao-Kummer  and  Harata  methods.  The  spectra  were  obtained  at 
various  degrees  of  cation  substitution  so  that  the  growth  at 
disappearance  of  spectral  bands  could  be  used  to  assign  them 
to  vibrations  of  the  ions  to  the  different  types  of  sites  they 
occupy.  Through  the  use  of  this  technique,  cation  vibrations  at 
mid-oxygen  (mO),  Beevers-Ross  (BR),  and  anti-Beevers-Ross  (aBR) 
sites  have  been  identified. 
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20.  ABSTRACT  fContlnua  on  ravaraa  oldo  It  nacoaaarx  and  Idmnttly  by  block  numbot) 

The  far  infrared  and  laser  Raman  spectra  of  cation-substituted  materials  based 
on  sodium  6-alumlna  containing  K"*",  Rb"*",  Cs'*’,  Ag"*”,  Til"'',  Ca'*’^,  Sr'*’^,  Pb"^^,  Mn'*’^, 
Fe"*"^,  Co'*’^,  and  Ni'*’^  have  been  obtained.  The  materials  were  prepared  by  ion- 
exchanging  sodium- 6-alumlna  with  pure  or  mixed  molten  salts  of  these  ions 
according  to  the  Yao-Kummer  and  Harata  methods.  The  spectra  were  obtained  at 
various  degrees  of  cation  substitution  so  that  the  growth  at  disappearance  of 
spectral  bands  could  be  used  to  assign  them  to  vibrations  of  the  ions  to  the 
different  types  of  sites  they  occupy.  Through  the  use  of  this  technique. 
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There  has  been  a great  deal  of  interest  in  sodium  3- 
alumina  because  of  its  unusually  high  sodium  ion  mobility.  This 
and  its  excellent  thermal  stability  have  in  turn  encouraged 
its  use  as  a solid  state  electrolyte  in  high  temperature 
batteries. ^ 

Sodium  ions  in  3-alumina  are  contained  in  planes  of  Na 

and  0 which  separate  spinel-like  blocks  of  four  close  packed 

oxygen  layers  with  aluminum  in  both  octahedral  and  tetrahedral 

boles.  Sodium  ion  motion  occurs  within  the  Na  and  0 planes  and 

is  sufficiently  facile  that  sodium  may  be  ion-exchanged  in 

2 

molten  salts  of  mono-  and  divalent  cations. 

Although  only  silver-3-alumina  of  these  analogs  has 
reported  ionic  conductivity  as  high  as  sodium-3-alumina, 
substitution  with  other  ions  permits  the  observation  of  systematic 
variations  in  physical  and  spectroscopic  properties  as  a function 
of  cation  size  and  charge.  The  spectroscopic  properties  of 
interest  here  are  the  mobile  cation  vibrational  frequencies 
which  are  expected  to  occur  in  the  far  infrared  region  by 
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analogy  with  similar  condensed  systems  and  which  have  been 

previously  observed  in  the  infrared  and  Raman  spectra  of  sodium 

4 5 ' 

and  silver-B-alumina.  ’ We  report  the  ion  motion  frequencies  j 

and  other  far  infrared  and  laser  Raman  spectra  features  and  the 

structural  implications  of  these  data  for  the  K^,  Ag^,  Tt^,  Rb^, 

Cs^-substituted  3-aluminas.  In  addition,  spectra  of  divalent 
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ion-substituted  B-aluminas  are  reported. 

All  theories  of  ion  transport  in  superionic  conductors 
invoke  an  "attempt  frequency"  which  presumably  depends  on  all 
vibrational  modes  which  contribute  to  the  diffusive  motion  of 
the  ions.  The  Rice  and  Roth  free-ion  model”  relates  the  ground 
state  vibrational  frequency  to  the  activation  energy  of  ionic 
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conduction  in  ionic  oxide  glasses.  Other  models  explain  the 

frequency  dependence  of  the  ionic  conductivity  in  6-alumina  in 

8 9 

terms  of  a conventional  random  walk  model  ’ or  a random  walk 

model  with  inclusion  of  many-body  interactions.^^  In  fact, 

cooperative  interactions  play  a dominant  role  in  lowering  the 

Coulombic  barrier  to  diffusion  in  domain  models^^  and  the 

12 

intersticialcy  pair  mechanism  , which  predicts  that  the  resonant 
frequencies  will  not  scale 

A knowledge  of  the  B-alumina  structure  is  obviously  crucial 

to  any  explanation  of  ion  motion,  yet  the  very  disorder  responsible 

for  facile  ion  motion  has  precluded  a definitive  assignment  of 

cation  locations.  The  "ideal"  unit  cell  formula  of  $-alumina, 
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Na2Al22034i  determined  by  Beevers  and  Ross,  is  never  observed 

in  practice  and  is  actually  outside  the  equilibrium  phase  field 

14  o 

at  all  temperatures.  At  1700  C the  composition  range  is  from 

) 

X = 1.2-1. 5 using  the  empirical  formula  xNa20’ IIAI2O2.  This  implies  | 

that  an  excess  of  sodium  is  charge  compensated  by  oxygen^^ although  | 
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of  crystal  growth  affect  the  microstructure  of  the  conduction 
plane. 

A schematic  of  the  conduction  plane,  which  is  also  a plane 
of  mirror  symmetry,  is  shown  in  Figure  1.  Oxygen  in  the  plane 
is  held  in  position  by  aluminum  ions  in  tetrahedral  holes 
above  and  below  each  oxygen  ion.  One  of  the  possible  sets  of 
cation  sites  is  symbolized  by  triangles  and  are  referred  to  as 
Beevers-Ross  (BR)  positions  of  which  there  are  two  per  unit 
cell.  Surrounding  each  Beevers-Ross  site  are  three  mid-oxygen 
sites  (mO)  symbolized  by  small  circles.  As  in  the  BR  positions, 
the  cation  coordination  at  the  mid-oxygen  sites  is  trigonal 
prismatic  to  oxygen  ions  in  the  spinel  block  above  and  below, 
but  the  actual  site  symmetry  is  due  to  the  location  of  two 

"separator"  oxygen  atoms  in  the  mirror  plane.  The  remaining 
sites,  symbolized  by  hexagons,  are  called  the  anti-Beevers-Ross 
(aBR)  positions  where  the  cations  are  held  in  trigonal  bipyramidal 
coordination. 

The  cation  population  at  these  three  sites  found  by  single 
crystal  x-ray  diffraction  is  summarized  in  Table  I.  Cation 
density  is  not  sharply  localized  at  these  specific  sites,  however, 
but  is  smeared  out  in  a highly  anisotropic  fashion  probably 
reflecting  both  vibrational  and  static  displacements  of  the  ions. 
These  displacements  are  most  pronounced  in  thallium-3-alumlna  where 
most  of  the  density  associated  with  the  aBR  site  is  centered  at 
points  halfway  between  the  aBR  site  and  mO  positions.  Both 
thallium  and  silver  are  stabilized  at  the  aBR  sites,  probably  by 
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forming  partially  covalent  bonds  to  the  spinel  block  oxygens 
above  and  below,  but  the  larger  steric  repulsions  of  thallium 
make  its  displacements  more  noticeable. 

At  elevated  temperatures,  the  occupancy  of  all  sites  becomes 

more  nearly  equal  and  the  ionic  "delocalization"  is  so  pronounced 

that  the  structure  is  similar  to  a two-dimensional  liquid.  Here, 

"delocalization"  is  used  in  the  sense  of  a distribution  density  map. 

Neutron  diffraction  studies  on  sodium-g-alumina  crystals  at 

15 

various  temperatures  illustrate  this  most  graphically,  but 

21  22 

analysis  of  x-ray  diffuse  scattering  ’ also  indicates  that 
the  cations  adopt  a quasi-liquid  structure  at  elevated  tempera- 
tures. The  x-ray  work  also  indicates  that  the  cations  form  short 
range  ordered  domains  at  very  low  temperatures. 

The  vibrational  symmetries  of  ions  located  at  the  three 
different  sites  are  given  in  Table  II.  The  possibility  of 
factor  group  splitting  is  uncertain  because  all  sites  are  only 
partially  occupied,  but  at  low  temperatures  where  the  all-BR 
or  all-mid-oxygen  domains  become  sufficiently  large  and  inter- 
actions along  the  domain  walls  become  negligible,  such  splitting 
may  be  observed.  It  should  also  be  noted  that  if  the  cations 
on  BR  or  aBR  sites  are  displaced  slightly  along  one  of  the 
threefold  diffusive  pathways  as  is  suggested  in  the  crystallographic 
studies,  the  displaced  ions  will  form,  on  a time  averaged  basis, 
a manifold  of  six  sites  per  unit  cell  with  the  same  symmetry  j 

properties  as  the  mid-oxygen  sites. 

12 

Potential  energy  calculations  by  Wang  et  al.  have  shown 
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that  when  two  of  the  threefold  mO  sites  around  a Beevers-Ross 

vacancy  are  occupied,  the  four  nearest  cations  on  BR  sites 

are  displaced  slightly.  Experimental  evidence  for  such  static 

23 

displacements  has  been  obtained  in  studies  of  the  Na  nuclear 

23  24 

magnetic  resonance  linewidth  and  electric  quadrupole  interaction.  ’ 

In  the  most  favorable  case  of  non-interacting  ions,  each  ion 
will  vibrate  independently  in  site  symmetry  or  For 

ions  on  BR  of  aBR  sites 


r = E’  (ir,R)  + (ir) 


and  for  ions  on  mO  sites 


r (ir,R)  + (ir,R)  + (ir,R) 

If  interactions  are  significant,  the  non-stoichiometry  of  3- 
alumina  would  almost  certainly  lower  the  symmetry  of  each  ion 
to  Cg  so  that  each  site  would  have  the  representation  2A'  + A". 
We  attempted  to  distinguish  between  the  possibilities  by 
analyzing  the  polarization  dependence  of  the  Raman  scattering 


from  single  crystals. 


EXPERIMENTAL 


Powdered  sodiiam  B-aluminum  with  7.4%  NagO  was  obtained 
from  the  Alcoa  pilot  plant  in  East  St.  Louis.  Ground  3-aluniina 
with  6.2%  NagO  and  large  crystals  for  infrared  reflectance  and 
Raman  studies  were  purchased  from  the  Harbison  Carborundum 
Company.  A sample  of  rubidium  exchanged  3-alumina  was  obtained 
from  the  General  Electric  Company. 


-6- 


Samples  of  intermediate  sodium  content  were  prepared  by 
25 

the  method  of  Harata.  Mixtures  of  B-alumina  of  composition 

1 . 2Na20 . llAlgOg  plus  sufficient  sodium  carbonate  to  give 

ultimate  stoichiometries  xNagO. llAlgO^  (x  = 1.2-1. 8)  were 

preheated  to  1000°C  in  sealed  platinum  crucibles.  Pellets  15mm 

in  diameter  and  3mm  thick  were  then  pressed  at  SOOOOpsi  from 

the  mixtures.  The  pellets,  covered  with  some  of  the  corresponding 

loose  powder,  were  tightly  wrapped  in  several  layers  of  molybdenum 

foil  and  sintered  at  1700°C  under  argon  in  an  Astro  ultra-high 

temperature  graphite  resistance  furnace. 

The  sodium  in  3-alumina  was  so  exchanged  to  the  maximum 

extent  with  Li^,  K^,  Cs^,  Ag^,  Tt^,  and  using  the  methods  of 

Yao  and  Kummer.'^  The  divalent  ions  Ca^^,  Mn^^,  Fe^^,  Co^^,  Ni^^, 
2+  2+ 

Sr  , and  Pb  were  so  exchanged  to  various  extents  in  mixed  meJts 

of  sodium  chloride  and  divalent  metal  chloride.  The  salts  were 
dehydrated  under  vacuum  and  melted  in  sealed  quartz  tubes  at 
950±20°C. 

All  far  infrared  spectra  were  recorded  on  a Digilab,  Inc. 
FTS-14  infrared  interferometer  at  a resolution  of  4cm~^ . Powder 
samples  were  mixed  with  powdered  low  density  polyethylene  which 
was  then  melted  and  pressed  to  form  a thin  wafer  four  or  five 
cm  in  diameter.  Low  density  polyethylene  has  no  absorption  bands 
in  the  region  of  interest.  Reflectance  spectra  were  taken  of 
crystals,  at  least  5mm  on  a side,  parallel  with  the  conducting 
planes. 

Laser  Raman  spectra  were  measured  with  a Jarrell-Ash  25-300 
Raman  spectrometer  operated  at  ca  3cm”^  resolution  and  Icm”^ 


ion  lasers.  Scattered  light  was  optically  scrambled  after 
polarization  analysis  and  before  passing  the  entrance  slit  of 
the  monochromator.  Since  B-alumina  is  isotropic  in  the  xy-plane, 
there  are  only  four  different  90°  scattering  arrangements 
possible  which  are  shown  in  Figure  2.  The  excitation  and 
collection  directions  and  polarizations  are  described  by  the 
usual  convention,  i(kfc)j , where  ^ and  represent  the  directions 
of  polarization  of  incident  and  scattered  radiation,  respectively, 
and  k and  ^ are  the  directions  of  polarization  of  incident 
and  collected  light.  The  measured  scattering  intensities  are 
only  qualitative  since  all  the  crystals  used  had  macroscopic 
defects,  which  caused  a significant  variation  in  scattering 
intensity  depending  on  the  exact  point  of  incidence  of  the  laser. 

RESULTS 

A.  Monovalent  Ions  - Far  Infrared  Spectra 

1,  Sodium-containing  Aluminas 

The  far  infrared  absorption  spectra  of  samples  of 

sodium-B-alumina  with  nominal  stoichiometry  x = 1.2-1. 8 in  xNa20-llA1^0 

are  shown  in  Figure  3.  This  range  of  composition  is  within  the 

single  phase  region  found  by  Harataf  ’ but  the  highest  sodium 

content  sample  would  be  in  the  two  phase  region  of  B-alumina- 

27 

sodium  alurainate  found  by  other  workers.  The  most  striking 
feature  of  the  spectra  is  the  growth  of  the  band  at  113cm~^  with 


increasing  sodium  content  until  the  sodium  oxide  content  per 
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unit  cell  reaches  1.6.  Since  no  significant  change  occurs  on 

going  from  x = 1.6  to  x - 1.8  in  the  top  trace,  this  high 

sodium  sample  presumably  lies  in  the  two  phase  region  and 

although  the  amount  of  NaA102  formed  is  uncertain,  it  is  expected 

28 

to  be  very  small. 

It  is  notable  that  the  113cm~^  band  grows  in  at  the  expense 
of  the  band  at  87cm~^,  This  can  be  explained  by  recalling^^ ’ 
that  cations  are  most  stable  at  BR  sites  and  least  stable  at 
aBR  sites.  Since  steric  effects  prohibit  occupancy  of  any 
two  adjacent  sites  (i.e.  mO  - BR  or  mO  - aBR),  the  simplest 
way  to  accommodate  an  excess  sodium  ion  in  a planar  unit  cell 
is  to  displace  the  ion  already  present  on  the  Beevers-Ross  site 
to  a mid-oxygen  site  and  place  the  additional  Na  on  one  of  the 
two  remaining  mO  sites  of  the  threefold  set  surrounding  the  BR 
site.  In  other  words,  each  sodium  ion  in  excess  of  the  ideal 
stoichiometry  is  likely  to  be  present  as  one  member  of  a 
mid-oxygen  pair.  If  x is  the  total  amount  of  Na20  present, 

4 (x-1)  will  be  the  amount  of  sodium  present  per  unit  cell  on  mid- 
oxygen sites  and  4-2x  will  be  the  amount  on  Beevers-Ross  sites. 
This  accounts  well  for  the  cation  distributions  of  Table  I where 
covalent  bonding  is  unimportant.  In  the  Na- 8-alumina  samples 
of  Figure  1,  as  x varies  from  1.2  to  1.6,  the  sodium  concentration 
on  mO  sites  varies  from  0.8  to  2.4  while  the  amount  of  sodium 
on  BR  sites  decreases  from  1.6  to  0.8.  Accordingly,  the  band 
at  113cm~^  arises  from  sodium  on  mO  sites  while  the  band  at 
87cm”^  which  decreases  in  intensity  corresponds  to  sodium  on 
BR  sites. 
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2.  Potassium-substituted  3-aluinina 

In  3-alumina  with  sodium  progressively  exchanged  for 

potassium,  the  band  at  87cm~^  persists  while  additional  bands 

grow  in  at  72  and  109cm~^  at  higher  exchange  levels.  Potassium 

ion  is  more  stable  in  solid  3-alumina  than  sodium  in  the 

ternary  system;  3-alumina  (s)  - KNO^  (1)  - NaNO^  (1);  so  the 

spectrum  in  Figure  4 labeled  5 mole  %K  in  the  nitrate  melt 

actually  corresponds  to  25%  exchange  in  the  solid  3-alumina, 

while  a 50%  melt  indicates  80%  exchange.  Phase  equilibria  curves 

2 

for  a number  of  melts  are  given  in  the  paper  by  Yao  and  Kummer. 

In  samples  of  completely  K^-exchanged  alumina,  the  cand 
at  87cm~^  remains  stronger  than  the  other  two  ion  motion  bands 
at  72  and  109cm~^.  Since  the  3-alumina  stoichiometry  of  all 
samples  requires  1.2  moles  of  M^O  per  mole  of  sample,  the  amount 
of  potassium  on  BR  sites  will  be  greater  than  on  mO  sites  in 
completely  exchanged  samples,  and  this  should  be  reflected  in 
the  relative  infrared  intensities.  The  vibrational  frequency 
of  potassium  on  BR  sites  must  therefore  be  coincident  with  the 
sodium  BR  vibration  at  87cm~^.  The  bands  which  grow  in  on  either 
side  of  this  at  72cm~^  and  109cm”^  arise  from  potassium  on 
mO  sites  and  in  factor  group  would  be  designated 

and/or  but  may  be  considered  simply  as  the  in-phase  and  out- 

of-phase  vibrations  of  mO  pairs. 

The  disappearance  of  the  sodium  mO  band  at  113cm  ^ even 
at  low  levels  of  exchange  can  be  explained  by  assuming  the  potassium 
ions  initially  exchanged  are  distributed  over  both  the  BR  and 
mO  sites.  At  low  degrees  of  exchange,  potassium  on  a mid-oxygen 
site  is  most  likely  to  be  paired  with  a sodium,  and  the  inter- 


action  between  the  two  ions  of  this  mixed  mO  pair  will  broaden 
the  absorption  bands  characteristic  of  all-sodium  or  all-potassium 
mO  pairs.  Potassium  on  BR  sites  is  sufficiently  far  from  the 
nearest  occupied  sites  so  that  the  broadening  effect  is 
negligible. 

That  the  ionic  vibrations  of  sodium  and  potassium  in 

B-alumina  should  appear  to  be  so  little  influenced  by  the  mass 

of  the  ions  is  explained  by  the  nature  of  the  conducting  planes. 

The  spacing  between  the  spinel-like  blocks  is  determined  by  the 

"spacer"  oxygen  ions  in  the  conducting  planes  in  Na-g-alumina, 

but  for  cations  larger  than  sodium,  the  cationic  radius  becomes 
2 

dominant.  The  effect  of  this  increased  lattice  strain  is 

29 

observed  in  the  pressure  dependence  of  the  ionic  conductivity 
and  in  the  spectra  shown  in  Figure  5 which  is  a superposition 
of  Na,  K,  Rb,  and  Cs-6-alumina  spectra.  The  ion  motion  bands 
display  an  almost  negligible  mass  dependence  indicating  a size 
dependent  increase  in  vibrational  force  constants.  (The  band 
at  IGTcm"^  in  Na-3-alumina  which  varies  strikingly  in  this 
series  is  a deformation  mode  involving  aluminum  and  oxygen.) 

3.  Silver-substituted-3-alumina 

The  assignment  of  cation  vibrations  in  silver  g-alumina 
is  complicated  by  the  fact  that  all  three  sites  are  occupied 
as  was  discussed  in  the  Introduction,  Spectra  of  silver  exchanged 
3-alumina  in  melts  containing  2-20  mole  ^Ag  corresponding  to 
3-alumina  samples  containing  60-90%  silver  exchanged  are  shown 
in  Figure  6.  Since  over  half  the  silver  in  fully  exchanged 
samples  is  found  at  the  Beevers-Ross  positions,  the  strong  band 
at  38cm  ^ is  attributed  to  silver  on  these  sites.  At  the  lowest 
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degree  of  exchange  this  appears  as  two  bands  representing 

either  the  in-plane  and  out-of-plane  bands  expected  or 

bands  due  to  the  lower  syrranetry  of  partial  exchange  such  as 

preferential  occupancy  of  displaced  BR  positions. 

One  third  of  the  silver  ultimately  is  found  at  the  anti- 

Beevers-Ross  sites  where  covalent  bonding  contributions  should 

impart  a higher  vibrational  frequency.  We  therefore  assign  the 

band  at  74cm~^  to  silver  on  these  sites.  However,  this  band 

does  not  change  appreciably  in  intensity  with  further  exchange, 

indicating  that  at  the  lowest  degree  of  exchange  shown  ('v60't), 

the  aBR  sites  are  already  saturated  with  respect  to  their  ultimate 

silver  occupancy.  If  silver  initially  occupies  only  aBR  sites, 

the  remaining  sodium  ion  of  a mid-oxygen  site  pair  is  permitted 

to  occupy  the  more  stable  Beevers-Ross  site.  Since  the  known 

population  of  silver  on  aBR  sites  is  not  much  less  than  that 

on  BR  sites,  the  stability  of  the  two  sites  must  be  nearly 

equal  for  silver.  For  sodium,  however,  the  Coulomb  potential 

1 

difference  between  the  BR  and  raO  sites  is  greater  than  leV. 

The  overall  crystal  energy  can  therefore  be  lowered  if  silver 
initially  occupies  only  the  aBR  sites  until  all  the  sodium  mid- 
oxygen pairs  are  reduced  to  singly  occupied  Beevers-Ross  sites. 
Using  this  hypothesis,  no  sodium  remains  on  mO  sites  in  the 
samples  of  Figure  6 so  the  band  at  123cm  ^ which  declines  in 


intensity  with  increasing  exchange  arises  from  sodium  at  BR 
sites.  The  increased  frequency  of  this  vibration  relative  to 
pure  sodium  3-alumina  may  be  explained  by  the  covalent  bonding 
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induced  contraction  of  the  c-axis  in  Ag-g-alumina  brought 
about  by  silver  at  aBR  sites. 

Even  in  the  samples  fully  exchanged  with  silver,  however, 
a band  remains  at  112cm~^.  From  its  intensity  and  position  we 
assign  this  to  the  out-of-plane  mode  of  silver  on  the  aBR  sites 
and  the  74cm~^  band  as  the  in-plane  mode.  Another  feature  which 
grows  in  weakly  at  84cm”^  is  assigned  to  silver  on  mO  sites 
which  account  for  10-15%  of  the  total  silver. 

To  confirm  this  assignment  and  to  distinguish  between 
vibrations  perpendicular  to  and  parallel  with  the  conduction 
planes,  reflectance  spectra  of  the  (001)  face  of  Na,  K,  Ag,  and 
TJl-g-alumina  were  recorded.  A Kronig-Kramers  transformation 
was  not  performed  since  dispersion  in  the  low  frequency  region 
is  expected  to  be  slight.  In  Figure  7,  the  transmission  spectra 
of  Na,  Ag,  and  Ti!--3-alumina  powders  are  traced  above  the 
corresponding  single  crystal  reflectance  spectrum.  The  most 
striking  feature  of  these  spectra  is  the  weakness  of  the  87cm”^ 
band  of  Na-3-alumina  in  reflectance  which  appears  at  96cm~^.  The 

strongest  reflectance  peak  in  the  low  frequency  region  is  at 

-1  -1 
47cm  corresponding  to  a weak  shoulder  at  55cm  in  transmission. 

From  this  we  conclude  that  the  87cm  ^ band  is  the  Ag^  mode  of 

sodium  on  BR  sites  while  the  band  at  55cm  ^ i ^ the  in-plane 

mode  of  sodium  on  those  sites.  A recent  single  crystal  transmittance 
30 

study  with  a far  infrared  laser  beam  colinear  with  the  c-axis 
found  a band  near  this  frequency  as  the  strongest  feature  in 
the  spectrum. 

In  silver  8-alumina,  the  two  strong  low  frequency  reflectance 


) 

1 
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peaks  confirm  that  the  absorption  bands  at  38cm~^  and  74cm  ^ 
are  the  modes  of  silver  on  BR  and  aBR  sites  respectively. 

In  thallium  6-alumina,  the  Beevers-Ross  sites  are  the  most 
highly  occupied  and  it  is  obvious  from  the  spectra  that  the  very 
strong  band  at  97cm'’^  is  the  vibrational  mode  perpendicular  to 
the  conduction  planes,  ^2\x'  strong  band  at  48cm~^ 

is  the  mode  of  thallium  on  BR  sites.  The  weak  shoulders 
on  this  latter  band,  at  31cm~^  and  60cm”^,  are  probably  due  to 
thallium  slightly  displaced  from  the  BR  sites.  Bands  arising 
from  thallium  on  aBR  sites  are  not  evident  in  these  spectra 
but  do  appear  in  the  Raman  spectra  as  discussed  below. 

The  observed  infrared  bands  and  their  assignments  for  the 
region  below  250cm”^  are  summarized  in  Table  II.  The  spectrum 
of  Li-6-alumina  is  featureless  in  this  region  except  for  a lattice 
mode  at  219cm  Lithium  samples  hydrate  readily  and  the 
interstitial  water  is  bound  strongly  in  the  conduction  planes 
thus  broadening  an  inherently  broad  signal  even  further.  Trans- 
mission spectra  of  all  samples  were  also  recorded  at  liquid  N2 
temperature  with  negligible  sharpening  of  the  bands  and  frequency 
shifts  of  less  than  3cm”^.  The  only  significant  change  was  the 
splitting  of  the  112cm”^  band  in  Ag-6-alumina  into  two  bands 
at  108  and  115cm~^.  There  is  probably  a lattice  mode  nearly 
concident  with  the  ion  motion  band  since  two  bands  appear  in 
this  region  in  the  reflectance  spectra  of  Na  and  K-6-alumina 
as  well  as  in  the  silver  exchanged  samples. 

B.  Monovalent  Ions  - Raman  Spectra 

Although  ion  motion  bands  are  expected  to  be  weak 
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in  the  Raman  effect,  the  large  variation  in  polarizability  in 

the  series  Na,  K,  Ag,  TJl  provides  a means  to  identify  them. 

The  polarizabilities  in  are:  Na  = 0.41,  K = 1.33,  Ag  = 2.4, 
31 

TJ.  = 5.2.  Figures  3-10  illustrate  the  polarized  Raman  spectra 
of  single  crystals  of  Na,  Ag,  and  Ti!,-3-alumina  for  the  four 
scattering  geometries  of  Figure  2.  Since  the  crystal  must  be 
reoriented  in  going  from  the  top  pair  of  configurations  to  the 
bottom  pair  in  each  figure,  intensities  may  only  be  compared 
within  each  pair.  Table  IV  lists  the  intensities  in  the  low 
frequency  region  relative  to  the  A^^^  Al-0  deformation  mode  near 
260cm 

Recurring  low  frequency  modes  in  all  four  samples  are  an 

A,  band  at  84cm”^,  an  £„  band  near  lOOcm”^,  and  an  E, 

band  near  115cm~^.  Of  these  three  recurring  modes,  only  the 

A,  shows  negligible  variation  in  relative  intensity  through 
ig 

the  series  of  samples  and  is  accordingly  assigned  as  a lattice 
mode  which  does  not  involve  atoms  in  the  conduction  plane.  The 
intensity  of  the  mode  is  greatly  enhanced  in  silver-beta 
while  the  E^  is  most  intense  in  thallium-beta.  These  two  bands 
are  clearly  associated  with  the  conduction  plane,  and,  although 
phonon  modes  (such  as  spinel  block  shear  along  the  conduction 
planes)  might  remain  unshifted  in  frequency  despite  notable 
changes  in  c-axis  dimension  if  covalent  bonding  involving  the 
mobile  cations  counterbalances  changes  in  the  cohesive  forces 


between  blocks,  we  assign  the  bands  at  100  and  115cm“  as  cation 
vibrations.  These  modes  (100  and  115cm~^)  are  strong  relative 
to  the  E,,  inode  arising  from  ions  on  BR  sites,  but  this  results 
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the  more  highly  constrained  ions  at  mO  or  aBR  sites  effecting 
a greater  change  in  the  polarizability  along  the  metal-oxygen 
axis  during  a vibration.  These  two  bands  in  Na  and  K-beta  are 
assigned  as  modes  of  cations  on  mO  sites  since  they  appear  at 
higher  frequency  than  the  BR  modes  at  60cm~^  and  69cm 
respectively. 

In  silver-6-alumina,  the  mO  sites  are  only  slightly  occupied, 
so  the  bands  at  103  and  lllcm”^  must  be  due  to  silver  at  aBR 
sites.  Partial  covalent  bonding  of  silver  at  these  sites  will 
make  the  Raman  scattered  bands  more  intense  and  at  a higher 
frequency  than  the  BR  site  mode  at  24cm~^.  From  Table  II, 
however,  ions  on  BR  or  aBR  sites  will  not  give  rise  to  modes 
of  symmetry,  but  this  rule  breaks  down  if  the  ions  undergo 

a static  displacement  as  suggested  by  the  crystallographic  results 
and  assume  symmetry  rules  similar  to  ions  on  mO  sites. 

Two  strong  bands  appear  in  the  thallium  spectra  at  165cm~^ 
and  197cm~^.  If  these  were  aluminum-oxygen  deformation  modes 
(greatly  enhanced  because  they  involve  oxygen  covalently  bonded 
to  thallium)  similar  modes  should  have  been  found  in  silver- 
beta  which  is  featureless  in  this  region.  We  are  thus  led  to 
surmise  that  these  bands  are  due  to  thallium-oxygen  vibrations 
at  the  aBR  site,  because  only  this  site  can  produce  the  close 
metal-oxygen  contact  necessary  for  pronounced  covalent  bonding 
and  commensurately  high  vibrational  frequencies.  The  two  strong 

bands  in  the  far  infrared  spectrum  were  assigned  to  thallium 

« 

vibrations  on  only  one  type  of  site,  but  one  site  can’t  accommodate 

_ ^ 
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all  the  thallium.  Thus,  the  ir  band  at  ISlcm”^,  previously 
assigned  as  a deformation  mode,  may  overlap  a thallium  aBR  mode. 

The  strongly  covalent  modes  of  thallium,  which  comprises  a total 
of  only  5 atom  % of  the  sample,  are  not  expected  to  be  strong 
in  the  infrared. 

Since  virtually  all  of  the  thallium  at  aBR  sites  is 

20 

observed  crystallographically  to  occupy  positions  displaced 
slightly  from  the  aBR  position,  the  symmetry  is  lowered  and  we 
may  apply  selection  rules  for  mO  symmetry  or  even  lower  symmetry. 

In  this  case,  the  at  165cm~^  and  the  E_  at  197cm”^  are 
primarily  out-of-plane  vibrational  modes  while  the  at 

12Gcm~^  is  basically  an  in-plane  vibration.  For  modes  at  BR 
sites,  there  should  likewise  be  a large  frequency  difference 
between  in-plane  and  out-of-plane  vibrations,  so  the  latter 
occurs  at  105cm~^  while  the  former  occur  below  60cm~^. 

C.  Divalent  Ions 

In  sodium  6-alumina  which  is  partially  exchanged  with 

divalent  cations,  we  expect  the  population  of  sodium  on  mO  sites 

to  approach  zero  before  a significant  decrease  in  the  BR  site 

population  occurs  regardless  of  the  site  occupied  by  the  divalent 

2+  + 

ion.  Since  each  M ion  formally  replaces  two  Na  ions,  the  sodium 

population  on  BR  sites  should  initially  remain  constant  if 
2+ 

M occupies  BR  sites  and  should  increase  slightly  at  low  , 

2+ 

degrees  of  exchange  if  M is  stabilized  at  other  sites.  The 
spectroscopic  evidence  for  this  process  is  equivocal  due  to 
competing  processes  discussed  below. 

Calcium  ion,  which  is  nearly  the  same  size  as  sodium  ion, 

- --  - - ___  . _ ^ 
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initially  lowers  the  population  of  sodium  on  mO  sites  when 

powdered  S-alumina  is  exchanged  in  melts  containing  between 

5 and  100  mole  percent  CaClg  at  950*^C.  In  Figure  11,  the 

sodium  band  on  mQ  sites  at  115cm~^  disappears  as  the  rate  of 

exhange  increases  while  the  BR  site  band  at  90cm~^  is  little 

affected.  At  the  same  time,  a band  at  150cm”^  grows  in  due  to 

calcium  ion  vibrations.  At  the  highest  degree  of  exchange,  a 

2 

phase  change  occurs  from  6-alumina  to  Ca0-5A1„0  resulting  in 
a greatly  altered  spectrum.  Two  other  bands  in  this  figure  at 
lower  degrees  of  exchange  are  deformation  modes  involving  aluminum 
and  oxygen. 

The  lower  frequency  aluminum-oxygen  deformation  mode  at 
165cm~^  is  quite  sensitive  to  the  nature  of  the  exchangeable 
cations.  In  B-alumina  containing  only  monovalent  cations,  this 
band  tends  to  appear  at  lower  frequency  with  large  ions  such 
as  rubidium  or  cesium  and  at  higher  frequency  with  small  ions 
such  as  sodium  and  ammonium.  In  samples  exchanged  with  strontium 
or  lead,  the  band  appears  at  140cm~^  and  120cm~^  respectively. 

The  ion  motion  bands  of  strontium  grow  in  coincidentally  at  the 
deformation  mode  frequency  and  split  at  higher  exchange  levels 
to  form  a complex  manifold  while  the  ion  motion  bands  of  lead 
grow  in  at  70cm~^  and  130cm~^.  Overlapping  bands  at  the  mO  Na 
frequency  shown  in  Figures  12  and  13  preclude  hard  data  in 
support  of  sodium  on  mO  sites  being  replaced  first. 


I 
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2+  2+  2+ 

Exchange  of  sodium  with  the  small  ions,  Mn  , Fe  , Co  , 

2+ 

or  Ni  , however,  also  shifts  the  deformation  mode  to  low  frequency, 

about  130cm~^.  The  spectra  of  these  samples  prepared  from 

melts  containing  less  than  50  mole  % metal  chloride  are  nearly 

identical  as  shown  in  Figure  14  and  summarized  in  Table  V.  The 

intensity  and  shape  of  the  band  near  130cm~^  is  nearly  invariant 

with  increasing  degree  of  exchange  in  all  samples  arising  from 

melts  containing  5-50mole  percent  transition  metal  ion. 

Below  500cm~^,  the  only  other  significant  change  in  these 

spectra  relative  to  sodium  8-alumina  is  the  broadening  of  the 

band  near  80cm~^  and  the  shift  of  this  band  to  lower  frequency. 

Crystal  fracture  due  to  lattice  strain  becomes  evident  in  samples 

from  melts  containing  over  50mole  % transition  metal.  The 

smearing  of  spectral  features  at  high  exchange  arises  from 

the  nature  of  finely  pulverized  samples  and  chemisorbed  water 
4.  31 

present . 

Since  the  transition  metal  ions  are  small  they  achieve 

closer  ionic  coordination  in  the  chloride  melt  than  in  the  solid 

2 

B-alumina,  and  Yao  and  Kiunmer  were  able  to  incorporate  only 
0.45mole  of  divalent  metal  (corresponding  to  33%  Na  exchange). 

The  broad,  low  frequency  band,  therefore,  will  have  a persistent 
contribution  from  residual  sodium  at  all  exchange  levels,  but 
this  band  will  be  augmented  in  intensity  by  the  transition  metal 
vibrational  modes.  Unlike  strontium  and  lead  which  must  expand 
the  lattice,  these  divalent  ions  are  not  sterically  constrained 
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so  the  effects  of  increased  mass  and  charge  relative  to  sodium 
will  nearly  counterbalance  each  other  to  produce  a vibrational 
frequency  of  about  70cm~^. 

Determination  of  cation  sites  occupied  in  transition  metal 

substituted  g-alumina  is  complicated  by  the  fact  that  possible 

sites  are  not  only  those  within  the  conduction  plane  but  also 

2+  2+  2+ 

aluminum  sites  within  the  spinel  block.  Fe  , Ni  , Cu  , and 
2+  2 + 

Zn  as  well  as  Mg  have  been  found  to  substitute  isomorphically 

o 0 32  o 

for  aluminum  in  6-alumina  ’ when  sintered  at  1500  C.  At 

much  lower  temperatures  (700°C),  electron  paramagnetic 

33  2+  2+ 

resonance  studies  indicate  the  Cu  and  Mn  substituted  by 
molten  salt  exchange  for  Na^  migrate  easily  in  the  spinel 

blocks  and  tend  to  occupy  tetrahedral  sites. 

33  2+  2+ 

Although  Collongues  et  al . found  by  epr  that  Cu  and  Mn 

occupy  several  non-equivalent  sites  within  the  conduction  plane, 

the  presence  of  only  a single  low  frequency  band  in  our  infrared 

results  for  various  transition  metals  suggests  that,  energetically, 

these  sites  are  nearly  equivalent.  Under  our  conditions  of 

exchange  ('''950°C),  equilibrium  will  favor  trivalent  aluminum 

within  the  close-packed  oxygen  layers  of  the  spinel  block  rather 

3+ 

than  in  the  chloride  melt;  therefore,  replacement  of  Al  with 
2+ 

M will  not  increase  the  mobile  ion  concentration  in  the 

32 

conducting  planes  as  in  high  temperature  sintering.  Furthermore, 
the  presence  of  a low  concentration  of  transition  metal  in  the 
spinel  block  will  be  insufficient  to  create  any  new  observable 
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infrared  bands  because  of  rigid  coupling  within  the  blocks 
but  may  account  for  the  low  frequency  shift  of  the  lattice  mode 
near  130cm” 

Probable  transition  metal  sites  include  interstitial 

positions  above  and  below  the  mid-oxygen  sites  of  the  conduction 

15 

plane.  Interstitial  aluminum  was  discovered  at  these  sites 

by  neutron  diffraction  and  presumably  is  coordinated  tetrahedrally 

to  interstitial  oxygen  on  the  mid-oxygen  sites.  In  cobalt  and 

nickel  exchanged  samples,  the  visible  spectra  shown  in  Figure 

15  change  only  in  the  intensity  of  blue  reflected  as  the 

transition  metal  content  increases.  In  tetrahedral  coordination, 

4 4 

the  bands  shown  correspond  to  Tj^(P)  AgCF)  for  cobalt  and 
3 3 

Tj^(P)  Tj^(F)  for  nickel  with  lODq  values  in  the  range 

4000-5000cm”^ . This  is  in  the  range  expected  for  oxygen  ligands, 

and  the  band  structure  is  typical  of  that  arising  from  spin- 

34 

orbit  coupling  in  tetrahedral  complexes  of  these  ions. 

CONCLUSIONS 

Beta-alumina  containing  various  mobile  monovalent  ions 
exhibits  a richly  structured  spectrum  in  the  far-infrared.  By 
observing  changes  in  the  spectrum  as  the  cation  content  is 
altered,  we  have  been  able  to  assign  many  of  the  observed  bands 
to  ions  occupying  specific  sites  and  vibrating  either  parallel 
with  or  perpendicular  to  the  conducting  planes.  Ionic  vibrational 
bands  have  also  been  observed  for  3-alumina  substituted  with 
divalent  ions  and  spectra  corresponding  to  solid  state  phase 
changes  have  been  noted. 
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TABLE  I 
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I 

I 

! 
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Cation  Site  Occupation  Parameters  at  Room  Temperature 


Ion 

Site 

Occupancy 

/ Unit  Cell 

ref 

BR 

mO 

aBR 

Na 

1.50 

1.04 

0.0 

17 

K 

1.42 

1.22 

0.0 

18 

Ag 

1.34 

0.34 

0.87 

19 

T1 

1.86 

0.0 

0.80 

20 

TABLE  II 


SyBDAtries  of  Ion  Vibrations  In  6~AluBina 

Beevers-Ross  or  anCl-BR  Sites 
(2  sites  / unit  cell) 


selection  Site  factor  selection 

rules  symetry  symmetry  rules 


Mid-Oxygen  Sites 
(6  sites  / unit  cell) 


selection 

rules 


'2,  ““ 

symmetry 


D,.  factor  selection 

on 

symmetry  rules 


XX  + yy, 


T 

z 


“xx-yy,  xy 


xz,  yz 


TABLE  III 


Observed  Far-Infrared  Bands  and  Assigments 
for  Monovalent  B-alumina 


intens 

symmetry 

origin 

ms 

— 

BR 

m 

' ^lu 

Al-0  def 

ms 

=lu 

Al-0  def 

Na^ 

intens 

symmetry 

origin 

w,  sh 

Elu 

BR 

s 

^2u 

BR 

m 

— 

mO 

m 

^lu 

Al-0  def 

ms 

^lu 

Al-0  def 

K+ 

intens, 

symmetxy 

origin 

H,  sh 

— 

— 

van 

— 

mO 

m 

BR 

vim 

— 

mO 

ms 

• Elu 

Al-0  def 

Al-0  def 


r 


Ccm"^ ) 

intena 

28 

w 

39 

w 

49 

w,  sh 

69 

wn 

82 

m 

167. 

m 

232 

8 

Ccn 

intens 

27 

w,  sh 

47 

w,  sh 

74 

s 

112 

wm 

148 

ms 

239 

8 

intens 

38 

s 

74 

ms 

84 

m 

112 

ms 

161 

ms 

210 

-28- 

TABLE  IllCoon't) 

Rd^ 

synmetTy  origin 


■■ 

— 

— 

— 

— 

— 

mO 

— 

BR 

Elu 

Al-0  def 

^lu 

Al-0  def 

Cs+ 

synmetry  origin 

Ag? 


— 

BR 

— 

Ag 

^lu 

Al-0  def 

"l« 

Al-0  def 

Ag^ 


symmetry 

origin 

^lu 

BR 

^lu 

aBR 

— 

mO 

— 

aBR 

*^lu 

Al-0  def 

Elu 

Al-O  def 

V 

Assignments  and  Relative 

Raman  Banda 

symmetry  origin 

Intensities  of  Uov  Frequency 

in  8-Alumlnas^ 

Na*^ 

rel.  intens.  rel. 

intens. 

(cin“l) 

60 

BR 

x(yy)s 

off 

x(yx)s 

m 

x(zz)y 

off 

x(zx)y 

off 

84 

An 

Ig 

®2g 

lattice 

35 

8 

19 

4 

99 

mO 

45 

40 

6 

6 

113 

mO 

3 

2 

10 

35 

256 

At-0  def 

100 

12 

100 

11 

V 

symmetry 

origin 

K*" 

1 

rel. 

intens. 

rel. 

intens. 

69 

®2g 

®2g 

E. 

BR 

*(yy)a 

7 

*(yx)* 

7 

*(zz)y 

x(zx)y 

2 

83 

lattice 

12 

13 

26 

7 

96 

mO 

6 

9 

1 

3 

120 

mO 

2 

4 

17 

29 

260 

Ig 

*1, 

Ai-0  def 

100 

10 

100 

17 

V, 

symmetry 

origin 

Ag^ 

rel. 

intens. 

rel. 

intens . 

(cm-h 

24 

^2g 

BR 

x(yy)s 

off 

*(y*)* 

a 

*(zz)y 

off 

x(zx)y 

off 

83 

An 

Ik 

lattice 

26 

7 

52 

15 

103 

®2g 

®1K 

aBR 

47 

54 

V,  ah 

w.  ah 

111 

aBR 

11 

16 

140 

290 

258 

*1. 

Ai-0  def 

100 

16 

100 

33 

J 


TABLE  IV  (conc'd) 


V 

(cid"1) 

aynmetry 

origin 

27 

— 

(BR) 

38 

®2g  ■ 

BR 

58 

E-i 

Ig 

(BR) 

84 

A, 

Ik 

lattice 

105 

"2g 

BR 

120 

®^lg 

aBR 

165 

aBR 

197 

^2. 

aBR 

264 

OQ  C 

At-0  def 

rel.  Intens. 
x(yy)x  x(yx)x 

rel.  Intens 
x(zz)y  z(zx)y 

off 

8 

off 

off 

400 

500 

7 

s 

100 

85 

84 

210 

42 

23 

30 

19 

220 

230 

11 

23 

75 

98 

31 

63 

62 

13 

V 

w 

120 

110 

7 

16 

100 

9 

100 

19 

At-0  d«f  mode  n««r  260  ca 
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TABLE  V 

Far  IR  Bands  of  B- Alumina  fron  Melts 
of  Composition  O.BNaCl  + O.2MCI2 


M 

V 

V 

V 

6 

5 

Na 

M 

' M 

Al-0 

Al-0 

Ca 

88  m 

147  s 

165  m 

218  s 

Sr 

80  V br 

93  vw 

136  sh 

147  s 

218  s 

Pb 

69  s 

137  m 

122  sh 

215  s 

Mn 

92  sh 

60  w sh 

121  m 

211  s 

Fe 

80  br 

65  sh 

128  m 

212  s 

Co 

85  wm 

68  sh 

128  m 

213  s 

Ni 

85  wm 

66  sh 

128  m 

212  s 

f 
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Fig.  1 

Fig.  2 

Fig.  3 

Fig.  4 

Fig.  5 

Fig.  6 

Fig.  7 


FIGURE  CAPTIONS 

Conducting  plane  of  S-alumina.  Large  solid  line  circles  are  oxygen 
ions ; dotted  circles  are  close  packed  oxygens  above  and  below  the 
conduction  plane.  Triangles  are  Beevers-Ross  cation  sites,  hexagons 
are  anti-Beevers-Ross  sites,  small  circles  are  mid-oxygen  sites. 

The  four  sample  orientations  used  for  right-angle  scattering  geometries. 
The  first  and  last  letter  represent  the  incident  and  scattering 
directions  respectively.  The  letters  in  parentheses  are  the  directions 
of  polarization  of  incident  and  scattered  light  designated  in  the 
figure  by  a small  double-headed  arrow. 

Far  i.r.  absorption  spectra  of  Sa-B-alumina  with  nominal  stoichiometries 
X = 1.2,  1.4,  1.6,  and  1.8  from  bottom  to  top,  respectively. 

Spectra  of  8-alumina  with  sodium  replaced  by  varying  amounts  of 
potassium.  Numbers  on  the  curves  do  not  indicate  the  amount  of 
potassium  exchanged  but  to  the  mode  % K in  the  surrounding  melt  of 
KNO3  - NaNOj 

Transmission  spectra  of  Na,  K,  Rb,  and  Cs-8-alumina.  The  cesium  sample 
is  50%  exchanged  Ag-B-alumina. 

Spectra  of  3-alumina  from  nitrate  melts  containing  the  indicated 
mole  % Ag. 

Reflectance  spectra  frcan  CoOl)  face  of  3-aluminas  with  transmission 
spectra  of  powdered  samples  traced  above;  a.  Na-3-alumina,  b.  Ag-3- 
alumina,  c.  Tl-3-alumina 


Fig.  8.  Polarized  Raman  spectra  of  Na-3-alumina  single  crystal. 
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Fig.  9.  Polarized  Raman  spectra  of  Ag-&-alumina  single  crystal. 

Fig.  10.  Polarized  Raman  spectra  of  Tl-g-alumina  single  crystal. 

Fig.  11.  Spectra  of  Na-S-aluraina  obtained  from  salt  melts  containing  between 
5 and  100  mole  percent  CaCl^  with  the  balance  as  NaCl. 

Fig.  12.  Spectra  of  Na-3-alumina  progressively  exchanged  in  melts  of  SrCl2 . 

Fig.  13.  Spectra  of  Na-S-alumina  progressively  exchanged  in  melts  containing 

the  labeled  mole  percent  PbCl2 . 

Fig.  14.  Spectra  of  Na-3-alumina  exchanged  in  melts  containing  the  labeled  mole 


percent  of  Mn^"*",  Fe^"*",  Co^'*’,  and  Ni^'*’. 


Fig.  15.  Electronic  spectra  of  S-aluraina  from  melts  containing  50  mole  % of 


either  Ni^'*'  or  Co^'*’ . 
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